Water plays an important role in biological systems and, understandably, hydration of proteins and its effect on their structure and action are topics of considerable current interest (Kunz and Kauzmann, 1974; Careri et al., 1980; Poole and Finney, 1983; Finney et al., 1985; Picullel and Hallel, 1986 ). It has recently been possible to elucidate the details of proteinwater interactions through the high resolution x-ray crystallographic refinement of several protein structures (Finney, 1979; Watenpaugh et al., 1979; Sakabe et al., 1980; Blake et al., 1983; Blundell et al., 1983; Teeter, 1984; Baker and Hubbard, 1984; Thanki et al., 1988) . These xray analyses appear to indicate that each protein is endowed with a characteristic hydration shell which is substantially conserved with respect to species variation and environmental Pune 411 008, India. differences as in different crystal forms of the same protein or independent molecules in the same crystal (Blake et al., 1983; Baker and Hubbard, 1984; . The nature and the extent of the possible changes in the hydration shell and their effects on protein structure and function have not, however, been examined in detail so far. In this context, water-mediated transformations, described by us recently (Salunke et al., 1984 (Salunke et al., , 1985a (Salunke et al., , 1985b , and outlined briefly below, appear to provide a useful handle for exploring possible changes in hydration and the resultant perturbations in protein structure.
We had demonstrated that many protein crystals undergo reversible transformations, as evidenced by abrupt changes in unit cell dimensions, diffraction pattern, and solvent content, when environmental humidity is systematically varied. Such water-mediated transformations typically occur at a relative humidity of around 90% (Salunke et al., 1985a) . The cell volume and the solvent content of the low humidity forms are significantly smaller than those of the corresponding native high humidity forms. It appeared that the changes, including those in the diffraction pattern, that accompany the transformation cannot be explained exclusively on the basis of simple shrinkage due to loss of solvent. A priori, the changes could have resulted from changes in molecular packing, molecular conformation, or hydration or most probably a combination of the three. The contributions of these three elements can be comprehensively elucidated only through the high resolution x-ray analyses of low humidity forms and the comparison of the resulting structures with those of the corresponding native crystals. As a first step in an effort in this direction, the x-ray analysis of the low humidity form of the well-known tetragonal lysozyme (Blake et al., 1965; Phillips, 1966; Imoto et al., 1972 ) is reported here. Some interesting features of the low humidity structure are described briefly. The structure is then compared with that of the native crystals, with particular reference to active site residues and hydration.
It may be mentioned that structural transformations caused by changes in solvent content did receive considerable attention from the earliest days of protein crystallography (Crowfoot et al., 1938; Crowfoot and Riley, 1939) . Subsequently, a detailed study was made in the late forties and the early fifties on the effect of the amount and the composition of the aqueous solution surrounding protein molecules in the crystals of hemoglobin (Watson et al., 1947; Huxley and Kendrew, 1953; Perutz, 1954) . This study was primarily aimed at determining the overall size and shape of the molecule as well as the phase angles of some special x-ray reflections, and the results were interpreted in terms of the movement of layers of protein molecules. Protein crystallography was then at its infancy and, not surprisingly, the other possible ramifications of the results were not explored. The problem does not appear The films were scanned on a Scandig computer-controlled microdensitometer at 100 pm intervals. The data were processed and scaled by the programs originally written by Rossmann (Rossmann, 1979 (Rossmann, , 1985 and subsequently modified by Rayment.
Iterative postrefinement of setting angles, mosaicity, and cell parameters was carried out using partially recorded reflections . However, only fully recorded reflections were used in structure analysis.
The refined cell parameters, the solvent content estimated using the method due to Matthews (1968) and other details pertaining to photographic intensity data and the subsequent refinement of the structure are given in Table I (Agarwal, 1978) , was used for structure refinement on a DEC1090 system. Throughout the course of refinement all the five main chain atoms were restrained for peptide group geometry. No restraints were used for temperature factor refinement and protein-solvent short contacts. All the occupancies were set to one and were not refined.
To start with, only reflections in the 8-3-A resolution range were used. Data from other resolution ranges were successively introduced so that from the 15th cycle onward all observed reflections in the 10-2.1-A resolution range were used in the calculations.
In the course of the refinement several 2F,-F, F,-F, and "omit" type Bhat and Cohen, 1984) , 1963) , and the side chain torsion angles follow the same patterns as those found in other proteins (Janin et al., 1978; Bhat et al., 1979; McGregor et al., 1987) .
RESULTS

AND DISCUSSION
Molecular Structure and Hydration HEW lysozyme is the third protein and the first enzyme to be x-ray analyzed and its molecular conformation is very well known (Imoto et al., 1972) . However, there are some hitherto unappreciated finer features of the structure, as observed in the low humidity tetragonal form, which merit special mention.
Secondary Structural Features-An examination of the unit twist (8) and rise (t) per residue (Ramachandran and Sasisekharan, 1968; Bansal, 1976) of the different helices in the structure showed that the stretches 5-15, 25-36, and 88-101 have mean helical parameters close to those for an ideal (Yhelix. Although the 109-115 stretch has hydrogen bonds appropriate for an a-helix, [ts helical parameters (mean 6 = 97(31)"; mean t = 1.5(7) A) exhibit the widest scatter from the ideal a-helical values. If residue 109 is omitted from consideration, mean 8 and t work out be be 85(g)" and 1.3 (7) A, respectively, values close to those for a r-helix (Schulz and Shirmer, 1979) , as can be seen from A hitherto unreported feature in the main @-structure region is the presence of a 5-residue (residues 59-63) turn stabilized by a 5-l hydrogen bond, connecting the third and the incipient fourth strands. The region also contains a p- bulge (Richardson et al., 1978; Richardson, 1981) made up of residues 49 and 50. Among the turns, those made up of residues 19-22 and 20-23 present an interesting case involving two consecutive P-turns (Nair and Vijayan, 1980) . This feature is preceded by the 17-20 P-turn. Thus, the segment of the polypeptide chain between the two ol-helices in the NH,-terminal region, is rich in p-turns. Two turns in quick succession (103-106 and 105-108) are found in the segment between the two COOH-terminal cy-helices also. The structure also contains two inverse type y-turns (Mathews, 1972; James et al., 1988) involving residues 118-120 and 127-129.
Role of Hydrogen Bonds Involving Side Chains in Stabilizing Secondary Structure-As many as 50% of the "local" main chain-side chain hydrogen bonds (Baker and Hubbard, 1984) in the structure appear to be involved in additionally stabilizing p-turns. Two typical examples of such stabilizing interactions are given in Fig. 2 . Indeed, a majority of the turns are stabilized in one way or the other by main chain-side chain hydrogen bonds. Among the other main chain-side chain interactions, the hydrogen bond between 40 Thr OGl and 1N is particularly noteworthy. This hydrogen bond lends additional stability to the minor /3-structure region in the molecule. It is also interesting to note that half of the side chainside chain hydrogen bonds in the molecule involve residues in the major p-structure region. In particular, a network of six hydrogen bonds involving the side chains of Asn-44, Asn-46, Asp-48, Ser-50, Asp-52, Gln-57, and Asn-59, appears to further stabilize the p-structure.
Hydration Shell-Only the distance criterion (3.6 A) was employed in identifying interactions of water molecules with oxygen or nitrogen atoms in the protein molecule or among themselves. Using this criterion, it is found that 121 water molecules surround and interact with the protein molecule. Of these, nearly a half (64) have only one interaction each with the protein whereas a little over a quarter (31) have two interactions each. The number of water molecules with 3, 4, 5, and 6 interactions with the protein molecule are 13, 9, 3, and 1, respectively.
Each water molecule with two or more interactions with the protein obviously bridges two or more protein atoms. A majority of such water bridges involve, perhaps not surprisingly, protein atoms separated by 5 residues or less. In fact, an examination of water bridges indicates that side chains with multiple hydrogen bonding centers could provide favorable sites of hydration.
For instance, Arg-114 interacts specifically (Salunke and Vijayan, 1981) , as illustrated in Fig. 3 , with two water molecules. One of the two possible specific interactions is realized in three other arginyl side chains. Side chain amide and carboxylate groups also often provide such favorable sites of hydration.
There are eight instances where a water molecule bridges a short hydrophilic side chain and the main chain NH or CO group of the same residue. Two typical examples of such bridges are illustrated in Fig. 4 . Regions between the oxygen or the nitrogen atom of a short hydrophilic side chain and the main chain NH or CO group of the nearest or the next nearest residue on either side, could also provide favorable specific sites of hydration (Fig. 5) . The side chain atoms involved in water bridges often belong to seryl, threonyl, aspargyl, and aspartic acid residues. The guanidyl group of the long arginyl side chain is involved in several water bridges, especially in those between atoms separated widely along the polypeptide chain. The effect of hydration on secondary structural features has been a topic of some discussion (Sakabe et al., 1980; Blake et al., 1983; Blundell et al., 1983; Rose and Young, 1983) . In the present structure, the effect is more pronounced on /3-turns which are, not surprisingly, heavily hydrated. Many of the water bridges in the turns appear to contribute to the stability of the turns. A few examples of such stabilizing water interactions are illustrated in Fig. 6 . They are primarily water bridges across the turns and could involve main chain and side chain atoms belonging to the residue preceding a turn or that succeeding it, in addition to the first and the fourth residue in the turn itself.
The hydration shell of the protein contains 15 water molecules with B d 30 and having three or more interactions with protein atoms. They include the three water molecules described as trapped inside the enzyme molecule (Imoto et al., 1972) . Many of them are involved in interconnecting different regions of the molecule. Some are involved in local interactions also. For example, two such water molecules appear to lend additional stability to the loop structure. Termini of 01-helices also provide favorable locations for anchoring strongly bound water molecules with multiple interactions.
Comparison with the Native Structure
The difference between the compositions of the native and the low humidity forms essentially lies in the water content. A simple calculation indicates that the amount of solvent in the low humidity form is 6.5% less than that in the native crystals. The transformation, which is reversible, is thus caused simply by the withdrawal of a small fraction of water, corresponding to about 25 water molecules/protein molecule, from the crystals, by the reduction of the relative humidity of the environment. This is perhaps the gentlest way of causing a structural transformation in protein crystals. In order to elucidate the changes that accompany this transformation, the structure of the low humidity form was compared with that of the native crystals using the atomic coordinates and thermal parameters in the native form, kindly made available by Professor D. C. Phillips.
The native structure had been refined to an R valye of 0.17 for 9782 observations, comprising all data up to 2-A resolution and partial data up to 1.8-A resolution, with an rms deviation of 0.011 A from bond ideality.
The most striking difference between the two structures consists in a slight rotation of the enzyme molecule and shift of its position as a whole. The transiation components along a, b, and c are 0.64, 0.33, and 0.03, A. Another important general difference pertains to the overall temperature factor. The average isotropic temperature factor in the low humidity form is 4.4 A' higher than that in the native crystals although the variation of B values along the polypeptide chain correspond well with that observed for the native structure (Artymiuk et al., 1979) . In addition to these gross differences, there are many small, but probably significant, differences which are discussed below. Changes in Molecular Structure-After superposition of the two molecules on the basis of the a-carbon positions, the r.m.s change in the posi$on of the main chain atoms works out to be as low as O.ql A. 10 main chain atoms, however, shift by more than 0.5 A. The magnitude of the changes observed in the side chains is predictably higher. The r.m.s change in the positions of the side chain atoms is 0.72 A. Out of a tot+ of 742 side chain atoms, the positions of 113 change by 0.5 A or more.
It is of interest to compare the overall changes in molecular geometry outlined above with those introduced by the application of high pressure. As far as the overall effects on the crystal are concerned, a change of -1.1% in the unit cell volume introduced by the application of a hydrostatic pressure of 1000 atmospheres (Kundrot and Richards, 1987 ) is considerably lower than that (-2.5%) observed in the water-mediated transformation.
Perhaps more importantly a decreases by 0.6% and c increases by 0.1% on application of the high pressure, whereas both a and c decrease by nearly the same fraction (0.9 and 0.8%, respectively) in the water-mediated transformation.
The r.m.s*shift (after appropriate superposi*-tion of molecules) of 0.12 A for main chain atoms and 0.20 A for all atoms that occur on the application of the hydrostatic pressure (Kundrot and Richards, 1987) are considerably lower than those observed in the water-mediated transformation. Thus, the perturbations introduced in the molecular geometry by the water-mediated transformation are larger than those introduced by the application of a hydrostatic pressure of 1000 atmospheres.
Small differences in hydrogen bonding pattern exist between the native and the low humidity forms. However, most of them do not appear to be particularly important. However, absence of change in hydrogen bonding does not always signify absence of structural change. For example, tht side chain amino group of Lys-33 moves by more than 0.5 A and the side chain amide oxygen of Asn-37 by more than 1.0 A during the transformation.
However, they appear to move in a concerted fashion, and the hydrogen bond between them remains intact, as illustrated in Fig. 7 . The hydrogen bonds which are retained with comparable parameters despite the movement of one or the other at the two atoms by 0. 1974 ; Perkins et al., 1978; Kelly et al., 1979) . Another region of the molecule that is known to move during inhibitor binding is made up of residues in the loop region. Considerable atomic movements occur in this region during water-mediated transformation also. In fact half of the main chain atoms which move by 0.5 A or more belong to the loop region. In addition to Trp-62, the active site residues which move substantially during the transformation are Asn-37 and Asn-44. It has not been possible to correlate in any simple manner the atomic movements during inhibitor binding to those during watermediated transformation. However, commonality between the regions that move appear to be interesting. At the very least it underscores the importance of the flexibility of certain regions of the molecule in lysozyme action. Changes in Hydration-It is presumably the bulk water that is removed (or added) during water-mediated transformations. It is of obvious interest to investigate the effect of this change in bulk water on the structure of ordered water molecules, particularly of those bound to the protein, Using the same criterion (protein-water distance < 3.6 A), the number of water molecules that surround and interact with a protein molecule in the low humidity form is 121 as against 120 in the native crystals. Thus, the number of water molecules in the so-called first hydration shell remains almost unaffected during water-mediated transformation. The next question is concerned with the location of water molecules in the two hydration shells. A water molecule in one form and another in the other may be considered as equivalent if they interact with at least one common atom and if the distance between the two water molecules is less than 1.8 A (half the maximum distance between two water molecules to be considered in contact), when the two protein molecules, along with their hydration shells, are superposed. This is a rather liberal criterion, and yet it turned out that only 75 water molecules have equivalents. Thus, more than a third of the water molecules in the first hydration shell of one form has no equivalent water molecule in the hydration shell of the other.
Admittedly, the positions of water molecules in a refined protein structure are less reliable than those of protein atoms. They are not restrained during refinement. The errors in the positions of protein atoms also could adversely affect the reliability of water positions. Unfortunately, however, there is no simple way of estimating the probable errors in water positions in a refined structure. Nevertheless, in view of the geometrically sensible positions to which water molecules refined and the liberal criterion employed for determining equivalence, the observed differences between water positions in the two hydration shells appear to be significant. Thus, the removal or addition of bulk water and the disturbance arising from it appear to significantly affect the first hydration shell of the protein.
The set of 75 water molecules in the low humidity form, which have equivalents in the native form, was superposed on the corresponding set in the native structure in the same way as the protein molecules in the two structures were superposed. The resulting rotation matrix is nearly the same as the matrix that relates the two protein molecules. The overall shift of the water set along a, b, and c are 0.63, 0.27, and 0.14 A, respectively, values very similar to those for the protein molecules. Thus, the hydration shell tends to move along with the protein molecule during the water-mediated transformation. A similar tendency has been reported in shifts observed with the application of high pressure (Kundrot and Richards, 1988) . The effect of removal of bulk water on the number of water-protein and water-water hydrogen bonds, however, appear to be the opposite of the effect of high pressure. The number of interactions between bound water and protein increases from 205 to 223 whereas that among bound water molecules decreases from 75 to 62, in the transformation from native to the low humidity form. As reported in relation to the high pressure structure, equivalent water molecules in the native and the low humidity forms tend to have comparable temperature factors.
Among the water molecules with one attachment to protein in the low humidity form, only 53% have equivalents in the native crystals. The proportion increases to 68% for water molecules with two interactions with the protein molecule. 93% of the water molecules with three or more interactions with protein in the low humidity form have equivalents in the native form. It turns out that in the case of singly or doubly bound water molecules, the proportion of those without equivalents is higher among water molecules bound to side chains than among those bound to the main chain. No such effect is observed in the case of water molecules with three or more attachments each.
Not surprisingly, it is found that the higher the temperature factor of a bound water molecule, the less likely that it has an equivalent in the other form. Even among the water molecules which have equivalents in the other form, the distance between equivalents tends to increase, on an average, when the temperature factor of the concerned water molecule increases.
Even when a water molecule in one form has an equivalent in the other, the details of the interactions of the two water molecules need not be the same. Among 21 doubly bound water molecules which have equivalents, both the interactions with the protein are the same in the two crystal forms for 14 while only one interaction is the same for the remaining 7. There are 24 water molecules with three or more interactions with the protein and which have equivalents in the native structure. They are involved in a total of 96 interactions. Of these 81 are retained in the native crystals. Thus, the interactions of these multiply bound water molecules and their structural role appear to be the same in the two forms, although there are a few differences in detail.
Conclusions-A change in the quantity of bulk water around protein molecules, as in water-mediated transformations, pro-duces significant changes in the first hydration shell which, as a whole, tend to move along with the protein molecule. The water molecules least affected by these changes are, not surprisingly, multiply and strongly bound ones. As the number of interactions with the protein molecule and the strength of interactions (as surmised from the B value) decrease, the effect of the disturbance increases. For singly or doubly bound water molecules, the effect appears to be higher when the water molecule is bound to a side chain. The changes in the hydration shell cause structural perturbations in the protein molecule. The perturbations are most pronounced, in the case of lysozyme, in the regions involved in substrate binding.
